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Abstract
Oxacillin, a semisynthetic penicillinase-resistant penicillin, was incorporated as a dopant within polypyrrole. The oxacillin-doped
polymer was deposited at gold, platinum and the biocompatible substrate, titanium. A doping level of 0.12 was obtained during
the early stages of polymer formation. Smooth polymer films were deposited, but more structure was observed in the cross
sections of the polymer. This was attributed to a reduction in the concentration of the anionic oxacillin as the interfacial pH
decreased due to the electropolymerisation reaction, shifting the equilibrium in favour of the undissociated oxacillin, HOx.
Although HOx has poor solubility and may precipitate at the polymer solution interface during formation of the polymer, there
was no evidence of any reduction in the conducting properties of the polymer. High charging capacitance values of 12 to
15 mF cm−2 were estimated for the oxidised polymer. These conducting properties were attributed to a slow rate of
electropolymerisation that prevented significant acidification at the electrode interface, preventing the build-up of HOx. The
oxacillin-doped polypyrrole showed cation exchange properties. Oxacillin was maintained within the polymer, as the polymer
was cycled between its oxidised and reduced states to give an immobilised antibiotic with very little oxacillin detected in the
solution phase. The application of a layer of chitosan gave rise to a slight reduction in the charging capacitance of PPyOx.
However, improved adhesion was observed for the reduced PPyOx with the application of the chitosan layer.
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Introduction
In recent years, there has been considerable interest in
conducting polymers, and in particular polypyrrole, in bio-
medical applications [1]. Polypyrrole is easily formed and
fabricated using electropolymerisation with a suitable dopant,
or by chemical polymerisation where a dopant and an
oxidising agent are employed. It can also be formed with
different morphologies, ranging from the typical porous cau-
liflower films to various nanostructured assemblies [2]. In
terms of biomedical applications, it has been shown that poly-
pyrrole can support cell adhesion and growth of a number of
different cell types, including endothelial cells, neurons and
support cells, and it can also stimulate skeletal myoblasts and
cardiac myocytes [3, 4]. There is also interest in using
polypyrrole as implant coatings and in the design and manu-
facture of neural prosthetics that are capable of integrating
with tissues. It has been shown that polypyrrole can stimulate
damaged neural tissues to repair and reconnect [5]. As the
applications of polypyrrole extend further to wearable elec-
tronic textiles and implant coatings, infection mitigation be-
comes more important [6, 7]. Due to the antibacterial activity
of silver ions and silver particles, it is no surprise that silver
nanoparticles or ions have been loaded onto polypyrrole to
give antibacterial coatings. Composites comprising
conducting polymers with silver are easily produced on oxi-
dation of the respective monomers in the presence of silver
salts. In addition, silver ions are readily reduced to the metal in
the presence of both polypyrrole and polyaniline [8, 9].
However, leaching of the nanoparticles and silver ions from
polypyrrole to the environment is a concern, and this compro-
mises their biomedical applications.
Another strategy is to incorporate antibiotic molecules as
dopants within the polypyrrole film. A number of drug mole-
cules, including glutamate, adenosine 5′-triphosphate (ATP),
salicylate, dexamethasone, chlorpromazine and dopamine,
* Carmel B. Breslin
Carmel.Breslin@mu.ie
1 Department of Chemistry, Maynooth University, Maynooth, Co.
Kildare, Ireland
Journal of Solid State Electrochemistry (2019) 23:2031–2042
https://doi.org/10.1007/s10008-019-04295-5
have been successfully incorporated into polypyrrole and sub-
sequently released using electrical stimulation [10–16]. The
d r u g mo l e cu l e s , a s a n i o n s , a r e a dd ed t o t h e
e l e c t r o p o l ym e r i s a t i o n s o l u t i o n , a n d d u r i n g
electropolymerisation, they are doped within the growing
polymer. Drug-loaded polymers have been formed using a
constant applied current density [17], cyclic voltammetry
[18] and at a constant applied potential [19]. The anionic drugs
are retained as dopants while the polymer films are maintained
in an oxidised state, but in order to maintain charge neutrality,
they are expelled from the polymer on reduction of the film.
The incorporation and release of cationic drugs or molecules,
such as dopamine [10], have also been achieved.
In relation to the incorporation of large molecules as dop-
ants within the polypyrrole matrix, the ion exchange proper-
ties of polypyrrole become important, and these depend on the
nature of the doping anions, with the size and valence of
anions being especially significant [20–23]. During redox cy-
cling, charge neutrality is maintained with the transfer of small
doping anions, such as chloride anions, between the electro-
lyte solution and the polymer matrix. These anions are re-
leased on reduction when the positively charged polymer
backbone becomes neutral. On the other hand, the release of
large charged dopants is considerably more difficult, and the
polymer becomes predominantly a cationic exchanger, with
the influx of cations on reduction of the polymer [20–23].
Furthermore, many of the large molecules have weak acid
functional groups, and when dissolved in solution, an equilib-
rium is established between the neutral molecule and the anion
formed on dissociation. During the electropolymerisation of
pyrrole, the solution adjacent to the electrode surface becomes
acidified and the interfacial pH is reduced. As a consequence,
the equilibrium is shifted to favour the neutral undissociated
molecule, and this will result in a lower concentration of the
anionic dopant, which is required for electropolymerisation. If
the neutral molecule has a low solubility, which is generally
the case with large organic-like molecules, then precipitation
o f t h e mo l e c u l e o c c u r s t o l im i t o r p r e v e n t
electropolymerisation. This was shown by Ryan et al. [24]
for the sodium salts of diclofenac and valproic acid, where
the formation of the insoluble neutral molecule prevented
the formation of polypyrrole doped with valproate and gave
rise to the deposition of crystals of diclofenac, limiting the
formation of the polymer doped with diclofenac.
In this paper, an antibiotic, oxacillin (5 methyl-3-phenyl-4-
isoxazolyl penicillin sodium), was incorporated as a dopant
into polypyrrole, and the conducting polymer was formed at
both platinum and titanium in an attempt to provide an
immobilised antibiotic. Oxacillin (Ox), which is derived from
6-aminopenicillanic acid, is a semisynthetic penicillinase-
resistant penicillin. It has low toxicity for the host, but it is
effective against most gram-positive bacteria in humans and
animals, including pathogens (streptococci, staphylococci and
pneumococci), clostridia, some gram-negative gonococci,
some spirochetes (Treponema pallidum and T. pertenue) and
some fungi [25, 26]. It is used in its sodium salt for parenteral
administration. Therefore, the sodium salt of oxacillin is a
potential dopant, providing an anionic species that can be
incorporated within the polymer film, while its large size
may inhibit or minimise its release to give an immobilised
antibiotic.
Experimental method
The chemicals used throughout this study were pur-
chased from Sigma-Aldrich (Analar grade reagents).
Pyrrole was vacuum distilled and stored in the dark at
− 20 °C prior to use. A standard three-electrode cell was
used for all experiments. A high-surface-area platinum
wire served as the counter electrode, and a saturated
calomel electrode (SCE) was used as the reference elec-
trode. Platinum, gold and titanium disc electrodes
(99.99% purity) with a surface area of 0.126 cm2 were
employed as the working electrode. These electrodes
were fabricated by embedding the metal rods in a
Teflon holder, which was filled with epoxy resin, and
a copper wire was threaded into the base of the metal
sample for electrical contact. The exposed surface was
polished to a mirror finish using successively smaller
sizes of diamond paste to a final size of 1 μm on a
microcloth (Buehler). The surface of the electrode was
then rinsed with distilled water, cleaned in an ultrasonic
bath to remove any polishing residues and finally dried
in a stream of air.
Cyclic voltammetry and potentiostatic current–time
plots were carried out using a Solartron (Model SI
1287) potentiostat. The quartz crystal microbalance
(EQCM) experiments were carried out on a CHi440
EQCM system. The polymers were deposited onto
polished titanium quartz crystal electrodes (Cambria
Scientific) with an exposed surface area of 0.203 cm2.
The electrochemical cell consisted of a specially made
Teflon holder in which the crystal was placed between
two o-rings, a platinum wire counter and a custom-made
Ag|AgCl reference electrode. The Sauerbrey equation
(Eq. 1 [27]) was used to convert the oscillation frequen-
cy to the mass at the crystal. In this equation, Δf rep-
resents the observed frequency shift, Δm corresponds to
the mass change, μq and ρq are the shear stress and
density of quartz, respectively, fo is the resonant fre-
quency, and Cf is the sensitivity of the crystal, which
w a s f o u n d e x p e r im e n t a l l y t o b e 7 . 9 8 9 7 ×
108 Hz cm2 g−1. Thin polymer films were deposited to
minimise viscoelastic effects, as this analysis is only
valid for thin, uniform and rigid films on the crystal.








Δ f ¼ 1
C f
Δ f ð1Þ
Electrochemical impedance spectroscopy was carried out
using a Solartron (Model SI 1287) potentiostat coupled to a
Solartron frequency response analyser (Model 1255). The fre-
quency was varied from 65 kHz to 8 MHz using a potential
perturbation of 10 mV. All data were recorded following a
120-min polarisation period to ensure steady-state conditions.
The data were fitted to equivalent circuits, where the errors in
the fitted element were less than 2.8%. The surface morphol-
ogy of the polymer samples was obtained using a Hitachi
scanning electron microscope. The samples were sputter coat-
ed with gold using an Emitech K550x gold sputter coater prior
to analysis.
The PPyOx was deposited from a solution containing
0.2 M pyrrole and 0.02 M oxacillin at a pH of 6.3, while all
electrochemical characterisation studies were carried out in a
saline phosphate-buffered solution (PBS) (0.15 M NaCl,
0.04 M NaH2PO4 and 0.04 M NaOH; pH 7.4). A chitosan-
modified PPyOx film was formed by drop casting a chitosan
solution onto the surface of the polymer. This solution was
prepared by dissolving 0.125 g chitosan in 25 cm3 of 2.0 M
ethanoic acid to give a 0.5% w/v composition. The solution
was stirred for 180 min and then filtered. The chitosan film
was prepared by drop casting 10 μL of this solution onto the
surface of PPyOx. The chitosan-loaded film was then dried
under an infrared lamp for 10 min.
The release of oxacillin from the polypyrrole matrix was
monitored using UV–visible spectroscopy (Cary 50 UV–
visible spectrometer) by measuring the maximum absorbance
at 205 nm. TheUV spectrum of oxacillin in PBS was recorded
over a 24-h period to validate the quality of detection. A broad
wave between 220 and 250 nm became slightly more pro-
nounced, but the peak at 205 nm remained constant. A linear
calibration curve was obtained at 205 nm, and this was used to
give the concentration of oxacillin released from the PPyOx
films. Once formed, the polymer was thoroughly washed in
water and then immersed in distilled water for a 3-h period to
remove any oxacillin trapped and not doped within the porous
polymer matrix. The solution was stirred during this period
and the cell was wrapped in aluminium foil to exclude light.
All release studies were carried out in the PBS solution and
repeated three times, and the standard error was calculated.
Results and discussion
The chemical structure of oxacillin sodium (5 methyl-3-
phenyl-4-isoxazolyl penicillin sodium), which is classified as
a beta-lactam antibiotic in the penicillin class, is shown as the
sodium salt, in Fig. 1a. The acyl side chain sterically inhibits
the opening of the β-lactam ring. Although Ox− is large, with
steric hindrance, its dissociation as a salt with good solubility
in water makes it a suitable anionic dopant for polypyrrole.
However, an equilibrium between the oxacillin anion, Ox−,
and its corresponding neutral acid form, HOx, exists in solu-
tion, as shown in Eq. 2. Using the well-known Henderson–
Hasselbalch equation and the pKa of oxacillin, which is 2.7,
the percentage (%) of oxacillin ions in solution can be esti-
mated as a function of pH, as illustrated in Eq. 3.
HOx⇋Hþ þ Ox− ð2Þ
% Ox−½  ¼ 100
1þ 10 pKa−pHð Þ ð3Þ
The corresponding plot is shown in Fig. 1b, where it is
evident that the concentration of the anionic oxacillin begins
to decrease rapidly as the pH is reduced to values in the vicin-
ity of 3.0. It is well known that protons are released during the
electropolymerisation reaction, and this decrease in the inter-
facial pH will alter the anionic oxacillin concentration. The
degree of acidification will depend on the rate of
electropolymerisation. Interfacial pH values between 2.0 and
3.0 have been reported during the electropolymerisation of
pyrrole in the presence of perchlorate and chloride anions
[28]. Therefore, in order to maintain a sufficient concentration
of oxacillin at the electrode surface and to avoid the formation
of HOx, which has poor solubility, relatively low rates of
electropolymerisation were employed.
Formation of PPyOx
The polypyrrole oxacillin films, PPyOx, were deposited from
an electropolymerisation solution containing 0.2 M pyrrole
and 0.02 M oxacillin. No additional ions were added. A con-
stant potential of 0.80 V vs SCE was used to achieve
electropolymerisation at a rate where significant acidification
is prevented. A typical current–time plot is shown in Fig. 2,
where the time required to achieve a charge of 0.25 C is ap-
proximately 8 min. On application of the potential, the charg-
ing current decays rapidly and is then followed by a slower
rise, at about 5 to 10 s, as the polypyrrole film begins to
nucleate and deposit at the surface. At longer times, greater
than 50 s, the current reaches a steady state. There is no evi-
dence of any decay in the steady-state current, indicating that
the deposition of insoluble HOx is largely prevented. Figure 2
shows comparative current–time curves and charge–time plots
for the nucleation of PPyCl and PPyOx. There is a linear
charge–time plot for the formation of the PPyCl film, and
the charge–time plot is linear at longer electropolymerisation
times, from 50 to 500 s, for the PPyOx film. The rate of
electropolymerisation is significantly higher for the PPyCl
system. This may be due to the size of the anions Cl−
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(35 g mol−1) and Ox− (400 g mol−1) and the added steric
hindrance in the oxacillin dopant. This makes it difficult for
the dopant to align its anionic carboxylic group adjacent to the
positive charge on the polypyrrole backbone. Another possi-
bility is that the higher charge density on the oxygen atoms of
the oxacillin causes a stronger interaction with the pyrrole
oligomer [29], altering the configuration of the oligomer.
Nevertheless, these lower rates of electropolymerisation limit
the degree of acidification and the precipitation of HOx.
The deposition of PPyOx on different substrates was also
studied at 0.80 V vs SCE from a solution containing 0.2 M
pyrrole and 0.02M oxacillin. Figure 3 shows the current–time
and charge–time curves for PPyOx on different metallic sub-
strates. It is evident that the PPyOx grows at different rates on
the three substrates. During the early stages of deposition, the
rate of electropolymerisation is higher at platinum. An initial
nucleation or induction period must elapse before bulk poly-
mer deposition occurs, and while this is evident at all three
electrodes, it is somewhat longer for the titanium electrode.
However, at longer electropolymerisation periods, more effi-
cient deposition is achieved at titanium. The average rate of
growth, obtained using the linear portions of the charge–time
plots, was computed as 0.39mC s−1 for platinum, 0.30mC s−1
for the gold electrode and 0.55mC s−1 on a titanium electrode.
Strongly adherent polymer films were formed at the titanium
electrode. In contrast, the formation of PPyCl at the titanium
electrode was considerably more difficult, and only patches of
the deposited polymer that were poorly adherent to the sub-
strate were obtained. It is well known that poorly adherent
polypyrrole films are formed on titanium and its alloys due
to the competing electropolymerisation and oxidation of the


































Fig. 2 a Current–time plots for
the growth of PPyOx and b
current–time plots and c charge–
time plots for the formation of
PPyCl (dotted line) and PPyOx




















Fig. 1 a Chemical structure of
oxacillin sodium salt. b
Percentage (%) of oxacillin
anions in solution as a function of
pH
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rise to passivation of the electrode, and this not only inhibits
the electropolymerisation process but also leads to poor adhe-
sion of the polymer to the substrate. The more favourable
electropolymerisation at titanium in the presence of oxacillin
may be connected to the adsorption of oxacillin at the titanium
electrode. The influence of oxacillin on the electrochemistry
of platinum in PBS is shown in Fig. 4, where it is clear that
adsorption of oxacillin occurs giving rise to a significant re-
duction in the peaks associated with hydrogen ion adsorption
and there is no evidence of any oxides formed in the presence
of oxacillin. While this adsorption may initially inhibit the
electropolymerisation step, it will also reduce the rate of oxi-
dation of the metal.
Quartz crystal microbalance (EQCM) measurements were
performed and analysed to obtain information on the doping
level of the deposited PPyOx film. In these studies, the PPyOx
was grown on a Ti EQCM crystal by applying a constant
potential of 0.80 V vs Ag|AgCl. The frequency–charge and
mass–charge plots for PPyOx are shown in Fig. 5a, b, respec-
tively. A decrease in frequency is related to an increase inmass
according to the Sauerbrey relationship (Eq. 1). There is a
linear increase in mass with charge once the charge exceeds
5.0 mC cm−2 (approximately 17 s). Good linearity was obtain-
ed after the elapse of the initial 17 s. The doping level, p, of the
oxacillin was estimated as 0.12 using Eq. 4 where Mm and
MA are the formula weights of the pyrrole monomer and ox-
acillin anion. However, a higher doping level may exist in the
bulk polymer. As shown in Figs. 2 and 3, there is an induction
or nucleation period where inefficient deposition of the poly-
mer takes place. Therefore, this doping level applies only to
the initial deposition of the polymer film.
R ¼ m
Q
¼ Mm þ p MA
nþ pð ÞF ð4Þ
Doping levels for polypyrrole have been reported to range
from 0.2 to 0.5 dopant species per pyrrole unit [31, 32]. For
simple dopant anions such as Cl−, the value of p is approxi-
mately 0.33, i.e., a 1:3 doping ratio. The p value of 0.12 cor-
responds to a 1:8 doping ratio, which is lower than that ob-
served for doping with chloride anions, and this can be ex-
plained by the much larger size of oxacillin. However, this
value is in good agreement with the analysis reported by
Song et al. [33] where dopant ratios ranging from 1:2.5 to
1:15 were obta ined for polypyrrole doped with
dodecylbenzenesulfonic acid.
Surface morphology
A typical SEM micrograph of PPyOx formed at 0.80 V vs
SCE is shown in Fig. 6a while the cross section of PPyOx
deposited to a charge of 0.40 C is presented in Fig. 6b. It is
evident from Fig. 6a that the surface morphology is very dif-
ferent to the usual cauliflower morphology reported for poly-
pyrrole, which is shown in the inset for a PPyCl film formed at
0.80 V vs SCE. Instead, the surface of the PPyOx film is
smooth, with little visible contrast; however, there is some
structure evident within the cross section (Fig. 6b). EDX anal-
ysis was carried out to verify the presence of the oxacillin
dopant. The EDX spectrum (not presented) showed the pres-
ence of carbon at 0.3 keV, sulphur at 2.45 keVand oxygen at
0.52 keV, indicating the incorporation of Ox− during the for-
mation of the polypyrrole film.
The absence of the usual cauliflower structure shows
that the incorporation of oxacillin or the presence of
























Fig. 3 a Current–time and b
charge–time plots for the
formation of PPyOx on Pt (solid
line), Au (dashed line) and Ti
















E / V vs SCE
Fig. 4 Cyclic voltammograms recorded for platinum cycled at 50 mV s–1
in PBS in the absence (dotted line) and presence (solid line) of 0.02 M
oxacillin
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modifies the surface morphology. More compact and
smooth polypyrrole films have been reported when pyr-
role is electropolymerised in the presence of ionic liq-
uids [34, 35]. However, no mechanism has been pro-
posed to account for this morphology. It is also appar-
ent from Fig. 6a that some structures ranging in size
from 4 to 7 μm are present on the polymer surface.
These structures and the smooth polymer films seem
to be connected to variat ions in the oxaci l l in
concentration as the electropolymerisation proceeds to
generate an acidified solution. As acidification begins,
some of the oxacillin anions are removed and converted
to HOx (Eq. 1 and Fig. 1b). This will reduce the rate of
electropolymerisation and the number of polypyrrole
nodules formed at the surface, which are connected to
the typical cauliflower-like morphology. Furthermore,
HOx has a much lower solubility in water, and insolu-
ble HOx may precipitate at the surface, further reducing
the rate of polymer formation and altering the surface
morphology. Indeed, the structures on the surface of the
polymer showed a higher count for sulphur compared
with the bulk smooth polymer on analysing the surface
using EDX analyses. This suggests that the structures
may be connected to the precipitation of insoluble
HOx. Nevertheless, it is clear that PPyOx is readily
formed, as illustrated in Figs. 2 and 3, and this is pos-
s ib ly connected to the re la t ive ly low ra te of
electropolymerisation that prevents significant acidifica-
tion and limits the formation of the insoluble HOx at
the surface.
The cross sections were used to estimate the film thickness
as 1.50 ± 0.15 μm for PPyOx deposited to 0.25 C. The film
thickness of PPyCl grown to the same charge wasmeasured as
0.5 μm. The significantly higher film thickness obtained with
the PPyOx film is consistent with the higher molecular weight
of oxacillin. Faraday’s law (Eq. 5) was also employed to esti-
mate the thickness, whereM is the molar mass of pyrrole, q is
the charge, A is the surface area of the electrode, z is the
number of electrons transferred, F is the Faraday constant,
and ρ is the density taken as 1.5 g cm−3. In this case, the film
thickness of both PPyOx and PPyCl was estimated as 0.5 μm,
giving good agreement with the values measured for PPyCl
but illustrating a significant difference between the measured
and calculated values of PPyOx, showing that Eq. 5 is not








Fig. 6 a SEM micrograph of PPyOx formed at 0.80 V vs SCE. b Cross






























Fig. 5 Frequency–charge and
mass–charge plots for the
electropolymerisation of pyrrole
to generate PPyOx to a charge
density of 75 mC cm–2 on a Ti
EQCM crystal recorded by
EQCM measurements (Linear
plot (dashed line) and
experimental data (solid line))
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Conducting and cation exchange properties
The conducting properties of PPyOx were characterised using
cyclic voltammetry and electrochemical impedance spectros-
copy. For the cyclic voltammetry experiments, the polymers
were formed at 0.80 V vs SCE to a charge of 0.25 C and then
cycled in a PBS solution (pH 7.4) where the potential was
swept from 0.35 to − 0.95 V vs SCE to avoid over-oxidising
the polymer films. In this solution, the phosphate anions,
HPO4
2− and H2PO4
−, are large and will give rise to mixed
ion transport, while the smaller chloride anions are easily
exchanged.
The steady-state cyclic voltammograms recorded at various
scan rates are shown in Fig. 7a. It is clear from these voltam-
mograms that the PPyOx film is electroactive, which indicates
that relatively small amounts of insoluble HOx have deposited
at the surface. The voltammograms show evidence of cation
exchange. The prominent reduction peak occurs at potentials
that are in the region associated with cation transport [21, 36]
and is associated with Na+ insertion from the phosphate elec-
trolyte. The peak potential shifts from about − 0.48 to −
0.65 V vs SCE as the scan rate is increased from 5 to
150 mV s−1, while the broad oxidation wave remains centred
at approximately − 0.37 V vs SCE. No other significant peaks
were observed during cycling in the PBS solution, and this
indicates that cation transport is the predominant exchange
process. The exchange properties of polypyrrole depend on
the size, type and valence of the dopant. When small mobile
dopants are employed, charge neutrality is achieved by the
expulsion of the anionic dopant on reduction of the polymer.
However, with large dopants, such as polystyrenesulfonate or
dodecylbenzenesulfonate, the polymer behaves like a cation
exchanger and cations are transferred from the solution to the
polymer matrix to maintain charge balance on reduction
[20–23]. This appears to be the case with the PPyOx.
These cation exchange properties were studied further
using EQCM, and a typical EQCM plot is presented in Fig.
7b, which shows the estimated mass change recorded at a
function of the applied potential for a thin polymer film.
Using the Sauerbry equation (Eq. 1), the estimated mass was
obtained using the frequency shift which was measured as the
potential was cycled at 2 mV s−1 between 0.6 and − 0.9 V vs
Ag|AgCl. An increase in the mass is evident on reduction of
the polymer film which is consistent with the uptake of cat-
ions. This increase is observed at about 0.10 V vs Ag/AgCl
and continues to reach a maximum value at about − 0.6 V vs
Ag/AgCl. On the reverse cycle, the mass slowly decreases
corresponding to the release of the cations. Again, this can
be attributed to the behaviour of a cation exchanger. It is also
evident that the rate of the mass increase (forward cycle) is
considerably higher than the rate of the mass loss (reverse
cycle), indicating that the reduction process, with the incorpo-
ration of cations, is faster than the oxidation process with the
expulsion of the cations. The mass increase between 0.10 and
0.60 V vs Ag/AgCl on the reverse scan indicates the incorpo-
ration of anions. One possible explanation for this transition to
anion uptake may be that after the large intake of Na+, some of
these cations become trapped leading to a subsequent ingress
of anions to maintain charge neutrality. Indeed, there is an
overall mass increase by the end of the cycle showing that
not all the incorporated ions during reduction are lost on
oxidation.
Impedance data were recorded following a 200-min
polarisation period in PBS for the PPyOx film polarised
at different potentials corresponding to different degrees
of oxidation. Representative plots are shown in
Fig. 8a, b where Bode plots are presented for the
PPyOx at 0.10 V, − 0.10 V and − 0.60 V vs SCE. As
evident from Fig. 7, reduction of the polymer occurs at
potentials between − 0.20 and about − 0.60 V vs SCE.

















E /V vs SCE
Fig. 7 a Steady-state cyclic voltammograms (10th cycle) of PPyOx
recorded in PBS at scan rates of 5, 10, 25, 50, 100 and 150 mV s−1 in
PBS. b Current (dashed line) and mass changes (solid line) plotted as a
function of potential using EQCM for PPyOx (deposited to 70 mC cm−2)
cycled in PBS at 2 mV s−1
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corresponds to the reduced PPyOx. At 0.10 V vs SCE,
the polymer is largely oxidised. The impedance data
clearly illustrate that the PPyOx is conducting as rela-
tively low impedance values are obtained in the PBS
solution. The impedance data were fitted to the equiva-
lent circuit depicted in the figure. In this circuit, Rs
represents the solution resistance, CPEHF is a constant
phase element, which represents the double-layer capac-
itance, RCT represents the charge transfer resistance and
CPELF corresponds to the lower frequency data and
gives information on the polymer capacitance and
charge storage properties of the polymer [37]. Constant
phase elements with a fractional exponent, n, give a
measure of surface inhomogeneity, with n adopting
values between 0.0 and 1.0. The higher n values, n >
0.95, point to a high degree of surface homogeneity and
correspond to a capacitor, while n values in the vicinity
of 0.5 represent a diffusion-controlled process. The n
values obtained for CPELF on fitting the data to the
equivalent circuit were approximately 1.0 for applied
potentials corresponding to the oxidised polymer, and
as the polymer was reduced, the n value approached
0.5, with a value of 0.52 obtained at − 0.90 V vs
SCE. The n value began to deviate from 1.0 at −
0.40 V vs SCE, and this corresponds to the reduction
of the polymer film. The emergence of a diffusional
process may be related to the ingress of Na+, and its
solvated water molecules as the polymer is reduced to
form PPyonOx−nNa+bH2O. The capacitance and charge
transfer resistance of PPyOx are plotted as a function of
the applied potential in Fig. 9, where it is evident that
the capacitance is reduced on reduction of the polymer
and this is accompanied by an increase in the resistance.
Again these variations in the magnitude of the capaci-
tance and resistance are seen at about − 0.30 to −
0.40 V vs SCE and can be attributed to the reduction
of the PPyOx. The capacitance values of 12 to
15 mF cm−2 combined with the low resistance values
observed when the polymer is oxidised (Fig. 9) corre-
spond to a conducting polymer with little evidence of
any precipitation of the insoluble HOx. Precipitates of
HOx are insulating, and this would lead to an increase
in the polymer resistance and a loss in the charging
capacitance. Furthermore, the capacitance remains rela-
tively high as the polymer is reduced with a value of
about 3 mF cm−2 at − 0.50 V vs SCE. It was not pos-
sible to compute the charging capacitance at lower ap-
plied potentials as the n value deviated too far from 1.0.
These relatively high values are consistent with the for-
mation of PPyonOx−nNa+bH2O, indicating cation ex-
change, which is in good agreement with the voltamm-
etry data (Fig. 7).
It appears from the voltammetry and impedance data
that the oxacillin is not released on reduction of the
polymer film. These exchange properties were further
studied by carrying out release studies, where the
PPyOx was reduced and the concentration of Ox− was
monitored. The PPyOx film was electrochemically re-
duced at − 0.60 V vs SCE, and the solution was
analysed to determine the levels of Ox− exchange.
This potential is more electronegative than the reduction
wave seen at the lower scan rates enabling the reduction
of the polymer film. The PPyOx was also polarised at a
more electropositive potential of 0.30 V vs SCE, be-
yond the region where reduction occurs. The concentra-
tion of oxacillin measured as a function of time is
shown in Fig. 10a at fixed potentials of − 0.60 V vs
SCE and 0.30 V vs SCE. Statistically, there appears to
be no difference between the amounts of oxacillin ex-
changed at − 0.60 V and 0.03 V vs SCE. Furthermore,
relatively low amounts of oxacillin, 0.2 μg cm−2, are
measured suggesting that the small quantities may arise
as a result of slow diffusion of oxacillin that is trapped,
but not bound as a dopant, or precipitated HOx, from
the polymer matrix. The influence of the applied poten-
























Fig. 8 a Impedance and b phase angle Bode plots recorded for PPyOx
polarised at 0.10 V vs SCE (dashed line), at 0.10 V vs SCE (grey solid
line) and at − 0.60 V vs SCE (black solid line)
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from these data that the applied potential has no influ-
ence on the amount released. Similar results were ob-
tained for the PPyOx films formed at platinum and ti-
tanium substrates. This suggests that oxacillin is trapped
as an immobile dopant. These processes are illustrated
in Eqs. 6 and 7, where Eq. 6 describes the reduction of
the polymer film and Eq. 7 refers to the oxidation re-
action, where Na+ ions are released and additional an-
ions, A−, from the electrolyte solution may also be in-
corporated, consistent with the mass changes seen in
Fig. 7b.
PPynþ  nOx− þ ze− þ nNaþ þ bH2O⇋PPy0  nOx−
 nNaþbH2O ð6Þ
PPyo  nOx−  nNaþ  bH2O
þmA−−ze−−aNaþ−xH2O ⇋ PPy mþað Þþ  nOx−
mA− n−að ÞNaþ b−xð ÞH2O ð7Þ
The immobile nature of oxacillin may be connected to its
large size and to the steric hindrance that is present in the
structure. This makes the oxacillin a large rigid molecule with
poor flexibility, which is consistent with the low doping level
of 0.12 observed for the early stages of polymer formation.
The primary exchange process, as shown in Fig. 7, is cation
exchange, and this means that Ox− will remain largely incor-
porated within the polypyrrole matrix.
Modification of PPyOx with chitosan
The PPyOx was further modified with chitosan to en-
hance its biomedical properties. The antimicrobial and
antifungal properties of chitosan are well known and
are generally associated with the polycationic nature of
chitosan [38]. The chitosan film was prepared by drop
casting 10 μL of a 0.5% w/v solution of chitosan on the
PPyOx surface. The addition of this film had little in-
fluence on the currents recorded during cyclic voltamm-
etry experiments as illustrated in Fig. 11a, where volt-
ammograms recorded for PPyOx and the chitosan-
modified PPyOx are compared in PBS buffer. While
chitosan is generally described as being cationic due to
protonation of the amino group, the pKa of chitosan is
6.5, and given that the PBS buffer has a pH of 7.4,
then the chitosan will remain largely uncharged with
only approximately 10% of the amino groups protonat-
ed. As a consequence, the ingress of Na+ as the PPyOx
is reduced should not be significantly inhibited by re-
pulsive forces with the positively charged amino groups.
However, as shown in Fig. 11a, there is a shift in the





























E / V vs SCE
Fig. 9 a Polymer capacitance and
b charge transfer resistance, RCT,
of PPyOx plotted as a function of







































E / V vs SCE
Fig. 10 a Release of oxacillin
from PPyOx as a function of time
at 0.30 V (black circle) and −
0.60 V (white circle) vs SCE. b
The influence of applied potential
on the release of oxacillin from
PPyOx (n = 3)
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potentials with the addition of the chitosan layer, while
the peak current is only slightly reduced from 2.2 to
2.0 mA cm−2. This may indicate some variations in
the exchange properties of the chitosan-modified
PPyOx films. The more electropositive potentials indi-
cate some anion exchange, and this may be related to
Eq. 7, where the reduction of the chitosan-modified
PPyOx involves both the release of A− and the ingress
of Na+, while reduction of PPyOx proceeds mainly with
the ingress of Na+. This transition to mixed ion ex-
change for the chitosan-modified PPyOx film indicates
less efficient intake and release of Na+, which may be
related to the insulating nature of chitosan or to the
small number of protonated amino groups that exist at
a pH of 7.4.
The impedance response of PPyOx and chitosan-
modified PPyOx is compared in Fig. 11b where it is
evident that the additional chitosan layer increases
somewhat the impedance of the system. The charging
capacitance of the polymer was reduced from 14 to
4.9 mF cm−2, and a sevenfold increase in the charge
transfer resistance was observed for the chitosan-
modified PPyOx. However, the values obtained with
the chitosan-modified PPyOx indicate a conducting sys-
tem. The chitosan layer had little or no influence on the
release of Ox− from the polymer matrix, and data sim-
ilar to that shown in Fig. 10 were obtained, indicating
that the Ox− is maintained as an immobile dopant. The
presence of the chitosan did give rise to an increase in
the polymer adhesion. While strongly adherent PPyOx
films were formed, prolonged reduction periods at po-
tentials of − 0.60 V vs SCE and lower did lead to some
delamination of the polymer. This is probably connected
to the ingress of large amounts of Na+ cations and their
solvated water molecules that result in structural damage
to the polymer matrix [11]. The addition of the chitosan
layer inhibited the delamination of PPyOx at these re-
duction potentials, and this may be related to the mixed
ion exchange behaviour, where less Na+ is incorporated
and released from the polymer matrix. The chitosan
layer reduces somewhat the conductivity of the polymer
and modifies slightly the exchange properties, but its
most significant effect is seen in terms of the adherent
quality of the reduced PPyOx.
These results show that PPyOx and the chitosan-
modified PPyOx provide a conducting surface with an
immobilised antibiotic. There is considerable interest in
the immobilisation of antibiotics to prevent implant in-
fections, bacterial colonisation and biofilm formation,
and porous polypyrrole films doped with large immobile
antibiotics may have applications in this area [39].
Wearable electronic textiles based on polypyrrole are
another research area that is receiving a lot of interest
[6]. Polypyrrole with its positively charged backbone,
with polarons and bipolarons that are capable of
disrupting the cell wall, combined with an antibiotic
that is not lost or leached from the textile may be at-
tractive in these applications.
Conclusions
Pyrrole was electropolymerised in a solution containing
oxacillin as the sodium salt and pyrrole to generate an
oxacillin-doped polypyrrole film. This film was deposit-
ed at a fixed potential of 0.80 V to give a film thick-
ness of 1.50 ± 0.15 μm. Smooth polymer films, very
different to the typical cauliflower morphology observed
for polypyrrole, were obtained, and this seems to be
related to the equilibrium between the HOx and Ox−
at the polymer solution interface and the lower solubil-
ity of HOx. The cross sections of the polymer did show
a more porous structure, typical of polypyrrole. A rela-
tively low doping level of 0.12 was observed during the
initial stages of polymer formation. The oxacillin-doped
polypyrrole films showed high conductivity, with a high
charging capacitance and a relatively low charge transfer
resistance. The PPyOx exhibited cation exchange prop-
erties. On reduction of the polymer film, only very low


























(a) (b)Fig. 11 a Cyclic voltammograms
recorded at 5 mV s−1 and b
impedance data recorded at
0.10 V vs SCE in PBS for PPyOx
(solid line) and PPyOx modified
with chitosan (dashed line)
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to the slow diffusion of oxacillin trapped within the
porous film. Instead, due to the cation exchange prop-
erties of the oxacillin, it largely remained within the
polymer matrix to give an immobilised antibiotic, and
therefore it may find applications in coating implants
and wearable electronic textiles.
This study highlights the important role of the pKa
of the neutral undissociated molecule and the rate of
electropolymerisation. By selecting dopants with pKa
values of 2.7 and higher and by controlling the rate of
electropolymerisation to minimise a reduction in the in-
terfacial pH, conducting polymers with little or no pre-
cipitation of the insoluble neutral molecule can be
formed. This is particularly relevant to large organic
molecules, such as drugs and antibiotics.
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